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ABSTRACT 
FLUORIDE REMOVAL FROM POTABLE WATER SUPPLIES 
The ob jec t ive  of  t h i s  p ro jec t  was t o  determine whether o r  not t h e  f l u o r i d e  
l eve l  i n  waters with moderate f luor ide  content  (2  t o  10 mg/l) could be 
reduced t o  acceptable l e v e l s  by chemical treatment. The optimum concen- 
t r a t i o n  f o r  denta l  hea l th  i s  from 1.1 t o  1.8 mg/l. A v a r i e t y  of methods 
f o r  t h e  removal of f luor ide  have been reported i n  t h e  l i t e r a t u r e .  
In t h i s  study, we compared the  methods which appeared t o  have some 
p o s s i b i l i t y  o f  success. Coagulation with alum a t  pH l e v e l s  o f  6.2 t o  6-4 
was one of t h e  more e f f e c t i v e  methods tes ted .  Fluoride was a l s o  'found 
t o  be adsorbed by magnesium hydroxide, This  occurs i n  t h e  sof tening 
process with magnesium-containing waters,  and could be increased by adding 
both magnesium s a l t s  and lime. The formation o f  f l u o r a p a t i t e  by the  
r eac t ion  of f luor ide  with phosphoric ac id  and lime was found t o  be very 
e f fec t ive  f o r  t h e  removal o f  f luor ide .  Flocculat ion with i r o n  s a l t s  
was found t o  be o f  l i t t l e  benef i t  i n  the  removal of  f luor ide .  The f luor ide  
removed was from'2 t o  10 percent of  t h e  i n i t i a l  concentration. Activated 
charcoal was t e s t ed  without any appreciable success. Polyelec t ro ly tes ,  
i n  general ,  did not  remove f luor ide ,  bu t  were very helpful  i n  obtaining 
good c l a r i f i c a t i o n  f o r  some processes and thereby aided i n  f luor ide  removal. 
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INTRODUCTION 
Natural  waters  con ta in  f l u o r i d e s  i n  varying amounts. Consumption 
of water  t h a t  conta ins  f l u o r i d e  i n  a  concen t r a t i on  o f  approximately 
1 m g / l i t e r  l ~ a s  been found t o  be  e f f e c t i v e  i n  reducing t o o t h  decay. 
For t h i s  reason f l u o r i d e  compou~lds a r e  u s u a l l y  added t o  water  s u p p l i e s  
which con ta in  l e s s  than  t h e  d e s i r e d  concent ra t ion .  I n  communities where 
t h e  f l u o r i d e  con ten t  i n  t h e  water  supply i s  a t  an optimum l e v e 1 , ' t o o t h  
decay has  been shown t o  be  almost 65% l e s s  than  i n  communities w i th  l i t t l e  
o r  no f l u o r i d e  i n  t h e  water.  Most un f luo r ida t ed  waters  con ta in  l e s s  than  
0.3 mg/l f l u o r i d e .  
Excessive exposure t o  f l u o r i d e ,  however, may cause  f l u o r o s i s ,  a  
cond i t i on  i n  which t h e  t e e t h  become mott led,  d i sco lored ,  and p i t t e d  dur ing  
t h e i r  development (1) .  S k e l e t a l  f l u o r o s i s ,  cha rac t e r i zed  by increased  
bone d e n s i t y  and abnormal bone growths, may r e s u l t  from long-term consump- 
t i o n  o f  water  conta in ing  8 t o  20 mg/l o f  f l u o r i d e  (2) .  The consumption 
o f  f l u o r i d e s  i n  excess  o f  20 mg/day ove r  a  per iod  o f  20 yea r s  o r  more 
could r e s u l t  i n  c r i p p l i n g  f l u o r o s i s  (3) .  
Although den ta l  h e a l t h  is  probably o f  pr imary cons ide ra t i on  f o r  t h e  
c o n t r o l  o f  f l u o r i d e  i n  water ,  t h e  more severe  e f f e c t s  o f  excess ive  l e v e l s  
make it necessary t o  reduce  t h e  amount o f  f l u o r i d e  presen t .  The USEPA 
National  In te r im Primary Drinking Water Standards have ind i ca t ed  t h a t  t h e  
a l lowable  l e v e l  o f  f l u o r i d e  should no t  exceed 1.4 t o  2.4 mg/l. This  l e v e l  
i s  dependent upon t h e  average maximum d a i l y  a i r  temperature  s i n c e  t h e  
amount o f  water ,  and consequent ly  t h e  amount o f  f l u o r i d e  i nges t ed ,  i s  
p r i m a r i l y  in f luenced  by t h e  a i r  temperature  o f  t h e  a r ea .  I n  gene ra l ,  
most municipal water  s u p p l i e s  con ta in  less f l u o r i d e  than t h e  amount t h a t  
i s  considered t o  b e  b e n e f i c i a l  t o  d e n t a l  hea l th ;  however, many water  
s u p p l i e s  a r e  fourld t h a t  exceed t h i s  l i m i t .  In  t h e  S t a t e  o f  I l l i n o i s ,  
f o r  example, a  s tudy  which considered 129 water  s u p p l i e s  t h a t  exceeded 
t h e  new f e d e r a l  l r i nk ing  water  s tandards  i n d i c a t e d  t h a t  t h e  f l u o r i d e  
leve l  s ranged from 1.6 t o  8.0 mg/l wi th  approximately 50% of  t h e s e  l e v e l s  
i n  excess  of 2.2 mg/l. I n  add i t i on ,  t h e r e  a r e  a  number o f  s c a t t e r e d  sites 
throughout t h e  s t a t e  t h a t  have f l u o r i d e  l e v e l s  i n  excess  o f  8 ing/l. 
I n  1974 t h e  EPA repor ted  t h a t  approximately 1200 municipal water  s u p p l i e s  
i n  t ~ ~ e  United S t  ltes had f l u o r i d e  l e v e l s  cons iderab ly  i n  excess o f  t h e  
1962 PHs drinkin.: water  s tandards  (4) .  Concern about  e l eva t ed  f l u o r i d e  
l e v e l s  i n  d r ink ing  water  i s  no t  based so much on a c u t e  t o x i c i t y  e f f e c t s ,  
b u t  r a t h e r  on t h e  long-term exposure t o  low l e v e l s  o f  f l u o r i d e .  
A number o f  i n v e s t i g a t i o n s  have been made on a  v a r i e t y  o f  t rea tment  
methods f o r  t h e  removal o f  f l u o r i d e  from p o t a b l e  water  supp l i e s .  Reviews 
of t h e s e  methodc have been presen ted  by Sorg ( S ) ,  Link and Rabosky ( 6 ) ,  
S a v i n e l l i  and Black (7), and Maier (8). A t e chn ica l  manual which compares , 
t h e  e f f e c t i v e n e s ;  and c o s t  o f  water  t rea tment  processes  f o r  t h e  removal 
of  s p e c i f i c  conta ~ i n a n t s  has  been publ ished by t h e  USEPA (4) .  The methods 
f o r  f l u o r i d e  remo f a1  t h a t  have been t r i e d  o r  proposed have been d iv ided  
i n t o  two b a s i c  groups, (a )  p r e c i p i t a t i o n  methods based upon t h e  a d d i t i o n  
o f  chemicals  t o  t he  water  dur ing  t h e  coagula t ion  o r  so f t en ing  processes  
and (b) methods i n  which t h e  f l u o r i d e  i s  removed by adso rp t ion  o r  ion  
exchange on a  medium which can b e  regenera ted  and reused.  The a c t i v a t e d  
alumina column i s  a  noteworthy example o f  t h i s  l a t t e r  group. 
The primary o b j e c t i v e  o f  t h i s  p r o j e c t  was t o  determine whether o r  
no t  t h e  f l u o r i d e  l e v e l  i n  po t ab l e  water s u p p l i e s  wi th  a  moderate f l u o r i d e  
con ten t  could be  reduced t o  an accep tab l e  l e v e l  by chemical t reatment .  
A second o b j e c t i v e  of t h i s  p r o j e c t  was t o  sc reen  t h e  methods a v a i l a b l e  
and t o  determine t h e  most advantageous method f o r  reducing f l u o r i d e  a t  
va r ious  n a t u r a l  l eve l s .  
Emphasis, i n  t h i s  s tudy,  was placed upon p r e c i p i t a t i o n  methods i n  
which t h e  t rea tment  chemicals were added t o  t h e  test  water  f o r  t h e  forma- 
t i o n  o f  f l u o r i d e  p r e c i p i t a t e s ,  o r  t h e  adso rp t ion  o f  f l u o r i d e  upon t h e  
p r e c i p i t a t e s  formed. 
Th i s  s tudy  was n o t  intended t o  i n v e s t i g a t e  t h e  removal o f  f l u o r i d e  
from p o t a b l e  water  by column adsorp t ion .  However, t h e s e  methods should be . 
mentioned s i n c e  they  a r e  i n  c u r r e n t  use  and appear  t o  be  t h e  most e f f e c t i v e  
methods a v a i l a b l e  f o r  water  s u p p l i e s  w i th  f l u o r i d e  concen t r a t i ons  o f  5 t o  
10 mg/l. The adsorbents  t h a t  have been used a r e  a c t i v a t e d  alumina, bone 
char ,  and t r i c a l c i u m  phosphate. Of these ,  a c t i v a t e d  alumina has  been t h e  
most succes s fu l ,  and it is  p r e s e n t l y  being used i n  3 l a r g e  d e f l u o r i d a t i o n  
p l a n t s  i n  t h e  west. The use  o f  a c t i v a t e d  alumina i n  t h e  B a r t l e t t ,  Texas, 
d e f l u o r i d a t i o n  ope ra t i on  proved i t s  e f f e c t i v e n e s s  f o r  f l u o r i d e  removal f o r  
ove r  a  25-year per iod.  Bone char  has  a l s o  been used a s  an e f f e c t i v e  
adsorbent ,  bu t  d i f f i c u l t i e s  have been experienced wi th  wa te r s  t h a t  con ta in  
bo th  f l u o r i d e  and a r s e n i c  (9). Losses o f  t h e  bone char  occur  du r ing  i t s  
u s e  and r egene ra t i on  due t o  i t s  s o l u b i l i t y  i n  ac id .  Thus, more c a r e f u l l y  
c o n t r o l l e d  cond i t i ons  a r e  r equ i r ed  f o r  t h i s  adsorbent .  
EXPERIMENTAL DETAILS 
A s y n t h e t i c  t e s t  water  was used i n  t h e  ma jo r i t y  o f  t h e s e  t e s t s  and 
was r e f e r r e d  t o  a s  t h e  "standard t e s t  water." This  was prepared wi th  t h e  
fol lowing composition: 
NaHC0 3 168.0 
CaC12m2H20 40.0 ( a s  ~a::) 
MgCl2a6H20 24.3 ( a s  Mg ) 
NaF 2-6 ( a s  F-) 
Water t o  a l i t e r  
Reagent grade chemicals and deionized water  were used i n  t h e  prepara-  
t i o n  of  a l l  so lu t i ons .  
I n  a few tests t h e  l oca l  t a p  water  w i th  added f l u o r i d e  was used. 
This  i s  a l ime sof tened  water wi th  t h e  fo l lowing  composition: 
Calcium 13.6 Phosphate 0.0 
Magnesium 11.7 S i l i c a  6.8 
Stront ium 0.13 F luor ide  1.1 
Sodium 32.9 Boron 0.3 
Potassium 2.6 Chlor ide  5.0 
Ammonium 0.9 S u l f a t e  34.1 
Barium <O. 1 P A l k a l i n i t y  ( a s  CaC03) 12.0 
M A l k a l i n i t y  ( a s  CaC03) 117.0 
Hardness ( a s  CaC03) 82.0 
Equipment 
1 - A Beckman r e sea rch  model pH meter,  equipped wi th  a Beckman ff39000 
r e sea rch  GP g l a s s  e l e c t r o d e  and a Beckman ff39071 f r i t - j u n c t i o n  calomel 
(wi th  sidearm) r e f e r ence  e l ec t rode ,  was used t o  measure t h e  pH o f  t h e  
s o l u t i o n s .  The r e l a t i v e  accuracy o f  t h e  meter is s p e c i f i e d  by t h e  
manufacturer t o  be  k0.001 pH. 
2 - A s ix-p lace  mul t ip l e  s t i r r e r  (Phipps and Byrd, Richmond, Vi rg in ia )  
was used f o r  uniform s t i r r i n g  o f  t h e  s o l u t i o n s  i n  t h e  coagula t ion  s tud ie s .  
The u n i t  i s  equipped with conventional 1 x 3 inch paddles and a tachometer 
f o r  measurement of  t h e  s t i r r i n g  r a t e .  The base u n i t  which suppor ts  the  
t e s t  beakers provides i l l umina t ion  f o r  f l o c  de t ec t ion .  
3 - Fluor ide  analyses  were made us ing  a s p e c i f i c  i on  combination 
e l ec t rode ,  Orion model 96-09-00, and an Orion s p e c i f i c  i on  meter, model 
401. TISAB I 1  b u f f e r  was used t o  maintain t h e  proper  pH o f  t h e  t e s t  
s o l u t i o n s  and e l i m i n a t e  t h e  e f f e c t s  o f  t h e  complexing ions.  
Procedures 
1 - In t h e  coagulat ion s t u d i e s ,  a l i q u o t s  of  t h e  s tandard t e s t  water  
i n  approximately 1 - l i t e r  volumes were poured i n t o  beakers  and placed on 
t h e  6-place mul t ip l e  s t i r r e r  f o r  a g i t a t i o n  dur ing  chemical add i t i ons .  
I n i t i a l  pH readings and add i t i ons  o f  chemical c o n s t i t u e n t s  were made with 
mixing a t  20 rpm. Predetermined amounts o f  t h e  chemical coagulants  were 
added t o  t h e  beakers  with r a p i d  mixing a t  100 rpm over a per iod  o f  1 t o  5 
minutes, o r  a s  otherwise spec i f i ed .  The add i t i ons  o f  p o l y e l e c t r o l y t e s  a s  
f l o c c u l a n t  a i d s  i n  some t e s t s  were made a t  d i f f e r e n t  t imes and a r e  
descr ibed  i n  t h e s e  t e s t s .  The s t i r r i n g  speed during f l o c c u l a t i o n  was 
reduced t o  20 rpm f o r  a per iod  t h a t  ranged from 0.5 t o  1.0 hour. The 
s t i r r e r  was then stopped and t h e  f l o c s  permi t ted  t o  s e t t l e .  The s e t t l i n g  
r a t e s  o f  t h e  f l o c s  va r i ed  considerably wi th  t h e  ind iv idua l  t e s t s ;  however, 
a minimum period o f  0.5 hour was allowed before  ana lyses  were made on t h e  
c l a r i f i e d  samples. 
2 - I n  t h e  a c t i v a t e d  alumina adsorp t ion  t e s t s ,  a column 1 8  mm i n  
diameter  and 12.5 cm high was prepared i n  t h e  fol lowing manner: A 25 g 
q u a n t i t y  o f  a c t i v a t e d  alumina (48 mesh - 100 mesh, washed f r e e  o f  f i n e s )  
was r i n s e d  i n t o  t h e  column with t a p  water. The column was backwashed with 
t a p  water  a t  100 percent  expansion f o r  a 15-minute per iod  a f t e r  which t h e  
column bed was s e t t l e d  and t h e  water  drained t o  t h e  t o p  of  t h e  bed. 
A 100 m l  volume of  a 1.0 percent  s o l u t i o n  of  sodium hydroxide was then 
passed through t h e  column a t  a r a t e  o f  7-10 ml/min. The column was then  
r in sed  wi th  400 m l  o f  deionized water a t  a r a t e  of  7-10 ml/min. Excess 
c a u s t i c  was n e u t r a l i z e d  with 100 m l  of 0.10 N s u l f u r i c  ac id ,  which was 
- 
followed by a 100 m l  r i n s e  with deionized water.  The column was then 
ready t o  proceed with t h e  f l u o r i d e  exchange cycle.  The t e s t  water  was 
passed through t h e  column a t  a r a t e  o f  15 t o  20 ml/min u n t i l  t h e  f l u o r i d e  
equ iva l en t  i n  t h e  e f f l u e n t  reached 1.0 mg/l. The t o t a l  e f f l u e n t  was 
c o l l e c t e d  and r e p r e s e n t a t i v e  samples were analyzed f o r  f l u o r i d e ,  a lka-  
l i n i t y ,  and pH. A t  t h e  end o f  t h e  exchange cyc le  t h e  column was regen- 
e r a t e d  and t h e  regenerant  e f f l u e n t s  were c o l l e c t e d  f o r  ana lys i s .  
3 - I n  t h e  determinat ion of f l u o r i d e ,  50 m l s  o f  Tota l  Ionic-Strength , 
Adjustment Buffer (TISAB 11) were added t o  an equal  amount o f  t e s t  water,  
o r  t o  a d i l u t i o n  made up t o  t h a t  volume. The combined s o l u t i o n s  were 
placed on a magnetic s t i r r e r  f o r  uniform mixing, t h e  combination e l e c t r o d e  
immersed, and a f t e r  a 3-minute per iod  t h e  f l u o r i d e  concent ra t ion  was 
read d i r e c t l y  from t h e  meter. The meter was c a l i b r a t e d  a g a i n s t  a f l u o r i d e  
s tandard  of 1.0 mg/l before  t ak ing  t h e  f l u o r i d e  readings and t h e  c a l i -  
b r a t i o n  checked a f t e r  every f i v e  measurements using t h e  f l u o r i d e  s tandard.  
4 - Other ana lyses  were made using procedures o u t l i n e d  i n  t h e  
14th e d i t i o n  of  "Standard Methods f o r  t h e  Examination o f  Water and 
Was tewater t t  (10) . 
7 
RESULTS 
Coagulation with A l u m  
Fluoride removal by coagulation with alum appears t o  be an adsorption 
process i n  which t h e  f luor ide  ions  a r e  removed along with t h e  f loccula ted  
mate r i a l s  i n  t h e  sedimentation s t e p  of  t h e  process. The e f f i c i ency  of 
f luor ide  removal by t h i s  process i s  dependent upon t h e  i n i t i a l  f l u o r i d e  
concentration, t h e  alum dosage applied,  and the  pH a t  which t h e  floccu- 
l a t i o n  occurs. Boruff (11) inves t iga ted  the  use of a number of ma te r i a l s  
f o r  t h e  removal of f luor ide  from potable  water, and was t h e  f i r s t  t o  
at tempt t h e  removal of f luor ide  by alum coagulation. Kempf (12) and l a t e r  
S c o t t  e t  a l .  (13) reported on t h e  removal of f luor ide  from well water by 
alum coagulation. Culp and Stol tenberg  (14) observed t h a t  t h e  f l u o r i d e  
l e v e l  i n  t h e  Lacrosse, Kansas,drinking water was reduced from an i n i t i a l  
concentrat ion of  3.6 t o  1.8 mg/l by an alum dosage o f  200 mg/l. Incre- 
mental feeding of  t h e  alum during the  rapid  mix period was found t o  reduce 
t h e  alum requirement by approximately 10 percent,  when compared with t h e  
normal method o f  s ing le  addit ion.  A number o f  s tud ies  have indica ted  t h a t  
f luor ide  removal by alum coagulation i s  a function o f  pH and t h e  optimum 
pH reported f o r  f luor ide  removal i s  i n  the  range of  6.0 t o  7.5 (14,15,16). 
Culp and Stol tenberg (14) a l s o  s tudied  t h e  e f f e c t  o f  pH on f l u o r i d e  
removal from t h e  Lacrosse drinking water by alum coagulat ion over a pH 
range of  5.0 t o  10.5. They reported an optimum pH of 6.5 f o r  maximum 
f luor ide  removal. They a l s o  noted t h a t  t h i s  pH offered  an added advantage 
i n  t h a t  t h e  s o l u b i l i t y  o f  aluminum is  a t  a minimum a t  pH 6.5 and, there-  
fore,  would not  become a problem i n  water systems. 
On t h e  b a s i s  o f  t h e i r  obse rva t ions  i n  t h i s  s tudy  t h e  removal of 
f l u o r i d e  by t h e  method o f  alum f l o c c u l a t i o n  was recommended over  t h e  
a c t i v a t e d  alumina process .  
To determine t h e  optimum pH f o r  f l u o r i d e  removal i n  our  i n i t i a l  
j a r  tests, a l i q u o t s  o f  s tandard  t e s t  water  were ad jus t ed  t o  pll l e v e l s  
w i th in  t h e  optimum range o f  6.0 t o  7.5, f l o c c u l a t e d  wi th  s eve ra l  dosages 
o f  alum, and t h e  reduc t ion  i n  t h e  concent ra t ions  of  f l u o r i d e  determined. 
Analyses f o r  f l u o r i d e  were made on t h e  c l a r i f i e d  s o l u t i o n s  a f t e r  sedimen- 
t a t i o n  o f  t h e  f l o c .  The pH va lues  i n  t he se  tests were ob ta ined  by 
bubbl ing carbon d ioxide  through t h e  s o l u t i o n s  p r i o r  t o  t h e  a d d i t i o n  o f  
alum. The r e s u l t s  o f  t he se  tests shown i n  Table  1 i n d i c a t e d  t h e  optimum 
pH l e v e l  t o  b e  i n  t h e  range o f  6.2 t o  6.4. 
I n  some 30 t o  40 j a r  t e s t s  t h a t  followed, f l u o r i d e  removals by 
v a r i o u s  dosages o f  alum were determined using a  s l i g h t l y  modified test 
water  t o  which calcium had been added i n  concen t r a t i ons  o f  50 and 200 mg/l. 
During t h e  f l o c c u l a t i o n  per iod  of  1.0 hour i n  t h e s e  s t u d i e s ,  pH va lues  
were gene ra l l y  observed t o  b e  i n  t h e  range o f  6.1 t o  6.5, which was s a t i s -  
f a c t o r y  f o r  good f l o c  formation and s e t t l e a b i l i t y  o f  t h e  f l o c .  Resu l t s  o f  
t h e s e  tests a r e  summarized i n  Table  2. I t  can  be seen from t h e s e  d a t a  
t h a t  t h e  a d d i t i o n  o f  calcium produced a  s l i g h t  i n c r e a s e  i n  t h e  amount 
o f  f l u o r i d e  removed by alum f loccu la t i on .  Data t h a t  show t h e  e f f e c t  
o f  alum dosage upon t h e  removal o f  f l u o r i d e  i n  t h e  coagula t ion  process  
a r e  presen ted  i n  Table  3 and a r e  g raph ica l ly  shown i n  F igure  1. 
Percentages o f  t h e  i n i t i a l  f l u o r i d e  concen t r a t i on  t h a t  were removed a r e  
p l o t t e d  ve r sus  t h e  alum dosages. The d a t a  show t h a t  f l u o r i d e  removal 
wi th  alum dosages up t o  150 mg/l i s  approximately p ropor t i ona l  t o  t h e  
amount o f  alum added, bu t  above t h i s  l e v e l ,  t h e  f l u o r i d e  removal p e r  u n i t  
of  alum added decreases. In  Figure 2 the  logarithm of t h e  percent of  the  
i n i t i a l  f luor ide  remaining a f t e r  f loccu la t ion  i s  p lo t t ed  versus t h e  alum 
dosage. The f luor ide  concentrat ion i s  shown t o  decrease exponential ly 
with increas ing dosages o f  alum. The data  f o r  t h i s  p l o t  was t h a t  obtained 
on t h e  standard t e s t  waters f o r  alum dosages of  50 t o  300 mg/l. The i n i -  
t i a l  f luor ide  concentrat ions of  t h e  t e s t  waters were 2.86 and 5.0 mg/l, 
respectively.  The curves indica ted  t h a t  t h e  removal of f luor ide  by alum 
coagulation was s l i g h t l y  more e f f e c t i v e  on t h e  t e s t  water with t h e  lower 
i n i t i a l  concentration of f luor ide .  The r e s u l t s  of  these  t e s t s  compare 
favorably with t h e  work of  Culp and St01 tenberg (14). Comparative tests 
were made using sodium aluminate a s  t h e  coagulant i n  one s e r i e s  and alum 
i n  the  o ther ,  t h e  aluminum concentrat ion being t h e  same f o r  each t e s t .  
These t e s t s  showed t h a t  alum was s l i g h t l y  more e f f e c t i v e  than an equiva- 
l e n t  amount of sodium aluminate i n  f luor ide  removal. 
Since the  USEPA National Interim Primary Drinking Water Standards 
have indica ted  t h a t  t h e  allowable l eve l  of f l u o r i d e  should not  exceed 
1.4 t o  2.4 mg/l, depending upon t h e  maximum d a i l y  temperature, it would 
appear t h a t  t h e  la rge  dosages of  alum necessary t o  meet t h i s  requirement 
would make t h i s  process f o r  f luor ide  removal impract ical  f o r  raw waters 
containing over 4.0 t o  5.0 mg/l of  f luor ide .  To obta in  a f luor ide  
re s idua l  of  2.0 mg/l f o r  a water containing an i n i t i a l  f luor ide  concen- 
t r a t i o n  o f  3.0 mg/l, one would requi re  an alum dosage of  approximately 
75 mg/l. The alum dosage would be near ly  200 mg/l f o r  a water having 
an i n i t i a l  f luor ide  content  of  5.0 mg/l. Although these  data  i n d i c a t e  
t h a t  t h e  removal of  f luor ide  i s  l imi ted  t o  waters t h a t  have a low i n i t i a l  
f l u o r i d e  content ,  t he  process i s  very e f f e c t i v e  i n  the  removal of  small 
amounts of  f luor ide  from water. 
Attempts t o  improve f l u o r i d e  removal by alum f l o c c u l a t i o n  were 
made us ing  p o l y e l e c t r o l y t e s  a s  coagulant  a i d s  i n  t h e  process.  Polyelec- 
t r o l y t e s  suppl ied  by seve ra l  manufacturers c o n s i s t e d  o f  both s t r o n g  and 
weak an ion ic  and c a t i o n i c  polymers and non-ionics.  A l l  a r e  po t ab l e  
f l o c c u l a n t s  t h a t  had rece ived  approval from t h e  Environmental P ro t ec t i on  
Agency f o r  t rea tment  of d r ink ing  water  a t  concent ra t ions  up t o  1.0 mg/l. 
A t  t h i s  s t a g e  i n  ou r  s tudy  t h e  necessary  v a r i a b l e s  i n  t h e  f loccu-  
l a t i o n  procedure had been determined and f l u o r i d e  removal could be 
repea ted  f o r  given coagulant  dosages. Following t h i s  procedure,  t h e  
e f f e c t  o f  t h e  var ious  p o l y e l e c t r o l y t e s  upon t h e  removal o f  f l u o r i d e  was 
determined. I n i t i a l  t e s t s  i nd i ca t ed  t h a t  add i t i ons  o f  t h e  polyelec-  
t r o l y t e s  immediately fol lowing t h e  a d d i t i o n  o f  alum increased  t h e  adsorp- 
t i o n  and removal of f l u o r i d e  from 1.0 t o  2.0 percent .  Addit ional  s t u d i e s ,  
however, i nd i ca t ed  t h i s  i n c r e a s e  was most l i k e l y  due t o  improved f loccu-  
l a t i o n  and sedimentat ion r a t h e r  than adsorpt ion.  Most o f  t h e  coagulan t  
a i d s  formed l a r g e r  and heavier  f l o c s ,  b u t  a few formed f l o c s  o f  a much 
f i n e r  t ex ture .  I n  genera l ,  t h e  an ion ic s  and non-ionics  were more e f f ec -  
t i v e  i n  our  s t u d i e s  than were t h e  c a t i o n i c s ,  b u t  a l l  o f  t h e  coagulant  
a i d s  shortened t h e  sedimentat ion time and would be b e n e f i c i a l  f o r  alum 
coagulat ion.  
I n  t h e s e  s t u d i e s  t h e  time per iods  f o r  both f l o c c u l a t i o n  and sedimen- 
t a t i o n  were 0.5 hour. The shortened c o n t a c t  pe r iod  d i d  n o t  appear  t o  make 
any d i f f e r e n c e  i n  t h e  removal o f  f l u o r i d e .  Immediate con tac t  between t h e  
alum and t h e  f l u o r i d e  i ons  by r a p i d  mixing and t h e  s tepwise  add i t i on  o f  
alum have been r epo r t ed  by o t h e r  i n v e s t i g a t o r s  t o  be  important  f a c t o r s  i n  
t h e  removal o f  f l u o r i d e  by alum coagula t ion  (14). 
A l u m  Dosage 
(mg/ 11 
Table 1 
The Ef fec t  o f  pH Upon Fluoride Removal from 
Standard Test  Water by Alum Coagulation 
Calcium Added I n i t i a l  Fluoride Residual Fluoride 
(mg/ 11 (mg/ 11 (mg/ 11 
Fluoride Removal 
Alum Dosage 
(mg/ 1) 
Table 2 
Fluoride Removal from Standard Test Water by Alum Coagulation, 
a s  Affected by the Addition o f  Calcium 
Calcium Added I n i t i a l  Fluoride Residual Fluoride Fluoride Removal 
pH (mg/ 1) (mg/l) (mg/ 1) (%I 
Alum Dosage 
(mg/ 11 
Table 3 
The Effect  o f  A l u m  Dosage Upon Fluoride Removal from 
Standard Test Water by Alum Coagulation 
.Calcium Added 
pH 1 
I n i t i a l  Fluoride 
(mg/ 1 1 
Residual Fluoride Fluoride Removal' 
(mg/l) (%I 
In i t i a l  Fluoride - 2.86 mg/l 
- 6.2 - 6.4 
Ca 200mg/ l  
- 
- - 
- 
ALUM DOSAGE, mg/l 
Figure 1. Effect of Alum Dosage Upon Fluoride Removal by Alum Coagulation 
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F l u o r a p a t i t e  Formation 
One o f  t h e  e a r l i e s t  methods proposed f o r  t h e  removal o f  f l u o r i d e  
from water was t h e  use o f  degreased bone (17). The carbonate  r a d i c a l  
o f  t h e  a p a t i t e  i n  bone is rep laced  by anion exchange wi th  f l u o r i d e ,  
forming f l u o r a p a t i t e .  Upon r egene ra t i on  wi th  c a u s t i c  soda, t h e  f l u o r -  
a p a t i t e  i s  converted t o  hydroxyapat i te  and t h e  f l u o r i d e  i s  removed a s  
s o l u b l e  sodium f luo r ide .  l lydroxyapat i te  then becomes t h e  exchange 
ma te r i a l  formed, with t h e  hydroxy r a d i c a l  rep laced  by f l u o r i d e .  I f  t h e  
chemical r e a c t i o n  between phosphoric a c i d  and lin,e i s  c a r e f u l l y  c o n t r o l l e d ,  
t r i c a l c i u m  phosphate and hydroxyapat i te  a r e  t h e  products  formed. This  
r e a c t i o n  wi th  f l o c c u l a t i o n ,  sedimentat ion,  and f i l t r a t i o n  can t ake  p l a c e  
w i t h i n  t h e  mixing bas in s  o f  a  convent ional  t reatment  p l a n t  (18). 
The removal o f  f l u o r i d e  from t h e  s t anda rd  test  water  by t h e  a d d i t i o n  
o f  phosphate and calcium t o  form f l u o r a p a t i t e  was i n v e s t i g a t e d  i n  a  
number o f  s t u d i e s .  F l u o r a p a t i t e  i s  a  h igh ly  i n s o l u b l e  s o l i d  compound 
and i ts  formation from hydroxyapat i te  has  been r epo r t ed  a s  an e f f e c t i v e  
means o f  f l u o r i d e  removal (19). I n  s e v e r a l  t e s t s  phosphoric a c i d  was 
added t o  a l i q u o t s  o f  t h e  s t anda rd  t e s t  water  i n  concent ra t ions  t h a t  ranged 
from 50 t o  315 mg/l. The r e s u l t s  o f  s e v e r a l  t e s t s  i n d i c a t e d  t h a t  a  
minimum concent ra t ion  o f  190 mg/l ( a s  PO4) was r equ i r ed  t o  remove approx- 
imate ly  50 percent  o f  t h e  f l u o r i d e  from t e s t  waters  t h a t  conta ined  an  
i n i t i a l  f l u o r i d e  concent ra t ion  o f  5.0 mg/l. I n  t h e s e  t e s t s  calcium was 
added a s  calcium hydroxide t o  g ive  a  f i n a l  pH o f  9.5. A t  t h i s  pH l e v e l ,  
t h e  removal o f  phosphate was observed t o  be incomplete i n  some t e s t s ,  and 
concent ra t ions  a s  high a s  4.0 t o  5.0 mg/l were observed. Fu r the r  addi- 
t i o n s  o f  calcium hydroxide t o  a  pli l e v e l  o f  10.5 o r  more, however, reduced 
t h e  phosphate r e s i d u a l s  t o  amounts below 1.0 mg/l i n  most t e s t s ,  and i n  
some t e s t s  va lues  below 0.5 mg/l were observed. F luor ide  reductioris were 
a l s o  observed a t  t h e  e l eva t ed  pH l e v e l s  due t o  t h e  formation o f  magnesium 
hydroxide and subsequent adsorp t ion  o f  f l u o r i d e .  I n  two t e s t s  where 
phosphate was added i n  amounts o f  315 mg/l, t h e  f l u o r i d e  removals were 
observed t o  be 58.2 and 59.8 pe rcen t  o f  t h e  i n i t i a l  f l u o r i d e  concent ra t ion ,  
which was 4.95 mg/l. 
I n  t h e  iwevious t e s t s  de sc r ibed  f o r  t h e  removal of f l u o r i d e  by forma- 
t i o n  o f  f l u o r a p a t i t e ,  t h e  calcium requ i r ed  f o r  t h e  r e a c t i o n  was added a s  
calcium hydroxide. I n  a new process  desc r ibed  f o r  t h e  removal of  f l u o r i d e  
from d r ink ing  water  o r  from i n d u s t r i a l  wastewater by Andco Environmental 
Processes ,  Inc. (20),  t h e  i n i t i a l  a d d i t i o n  o f  calcium f o r  t h e  formation of  
f l u o r a p a t i t e  i s  a s  calcium ch lo r ide .  I n  t h i s  Andco system a s o l u t i o n  of 
calcium c h l o r i d e  and phosphate i s  f i r s t  added t o  t h e  water  s t ream con- 
t a i n i n g  f l u o r i d e ,  and t h e  pH ad jus t ed  t o  6 . 2  t o  7.0 us ing  a suspension of  
calcium hydroxide. With i n - l i n e  mixing t h e  water  s t ream e n t e r s  a holding 
tank f o r  a 7-minute per iod ,  a f t e r  which a d d i t i o n a l  lime i s  added, wi th  
mixing, t o  a pH o f  7.5 t o  9.5. A f t e r  t h e  a d d i t i o n  o f  a p o l y e l e c t r o l y t e ,  
t h e  water  s t ream e n t e r s  a c l a r i f i c a t i o n  tank,  i s  s e t t l e d  and t h e  f i n a l  
e f f l u e n t  water ,  which r epo r t ed ly  con ta in s  l e s s  than 0.5 mg/l o f  d i s so lved  
f l u o r i d e ,  i s  discharged.  The f l u o r a p a t i t e  s ludge formed i n  t h e  process  
i s  r e tu rned  t o  t h e  water  s t ream a t  a p o i n t  fol lowing t h e  i n i t i a l  pH 
adjustment,  o r  i s  disposed of  i n  a waste  stream. The chemical r e a c t i o n  
represen ted  by t h i s  process  i s  represen ted  a s  fol lows:  
NaF + 3 I13P04 + 0.5 CaC12 + 4.5 Ca(01-1) 2 -t Ca5(P04) 3F + NaCl + 9 tj20 
In  s e v e r a l  j a r  tests t h e  removal o f  f l u o r i d e  was determined by a 
procedure s i m i l a r  t o  t h e  Andco process  descr ibed.  Using a l i q u o t s  o f  t h e  
s tandard  t e s t  water  wi th  va r i ed  amounts o f  f l u o r i d e  added, t h e  amount o f  
Table 4 
Percent o f  the I n i t i a l  Fluoride Concentration Removed 
by Additions o f  Phosphoric Acid and Calcium Chloride 
Phosphoric Acid I n i t i a l  Fluoride - mg/l 
(as  POh) m ~ / l  2.34 3.88 4.45 4.50 4.72 5.50 
f l u o r i d e  removed by t h e  a d d i t i o n  o f  s eve ra l  l e v e l s  o f  phosphate and ca l -  
cium was i nves t i ga t ed .  The r e s u l t s  of  s eve ra l  tests which show t h e  per-  
cen t  of t h e  i n i t i a l  f l u o r i d e  t h a t  was removed by t h e  va r ious  a d d i t i o n s  o f  
phosphate and calcium a r e  summarized i n  Table 4. Although some incons is -  
t ency  i n  t h e  d a t a  f o r  t h e  va r ious  t e s t s  was observed, t h e  o v e r a l l  t r end  of 
t h e  d a t a  i n d i c a t e d  t h a t  t h e  i n i t i a l  f l u o r i d e  concent ra t ions  of  t h e  t e s t  
waters  had l i t t l e  e f f e c t  upon t h e  amount o f  f l u o r i d e  removed by t h e  
var ious  l e v e l s  of phosphate added. The da t a  ob ta ined  on t h e  t e s t  water  
wi th  an i n i t i a l  f l u o r i d e  concent ra t ion  of  4.45 mg/l were ob ta ined  by adding 
lime t o  a f i n a l  pH of 10.0, bypassing t h e  i n i t i a l  ho ld ing  per iod  a t  pH 
6.2 t o  7.0. With t h e  except ion o f  t h e  low percentage of f l u o r i d e  removed 
f o r  t h e  240 mg/l phosphate dosage (47.2%), t h e  remaining d a t a  agreed wel l  
wi th  t h e  o t h e r  va lues  repor ted .  In  t h i s  s t udy  t h e  amount of  calcium 
p r e s e n t  i n  t h e  phosphoric acid-calcium c h l o r i d e  s o l u t i o n  was s t o i c h i o m e t r i c  
with r e l a t i o n  t o  t h e  amount o f  phosphate p r e s e n t  i n  f l u o r a p a t i t e .  Varied 
r a t i o s  of phosphate t o  calcium i n  t h i s  s o l u t i o n  may have had some e f f e c t  
upon t h e  removal o f  f l u o r i d e .  The r e s i d u a l  phosphate concen t r a t i ons  
observed i n  t h e s e  tests were gene ra l l y  less than  1.0 mg/l. 
Removal w i th  Magnesium 
The removal of f l u o r i d e  by lime s o f t e n i n g  o f  magnesium-containing 
waters  was demonstrated by t h e  e a r l y  work of  Boruff (11).  S c o t t  e t  a l .  
(13) observed t h a t  t h e  concen t r a t i on  o f  f l u o r i d e  i n  municipal water  
s u p p l i e s  was s u b s t a n t i a l l y  reduced by lime sof ten ing .  I n  t h i s  p rocess  t h e  
f l u o r i d e  is removed by adsorp t ion  on t h e  p r e c i p i t a t e d  magnesium hydroxide. 
The amount o f  f l u o r i d e  removed i s  a func t ion  o f  t h e  i n i t i a l  f l u o r i d e  
concen t r a t i on  and t h e  amount o f  magnesium removed, a s  shown i n  t h e  
fol lowing equat ion:  
F and F. r ep re sen t  t h e  i n i t i a l '  and f i n a l  f l u o r i d e  concen t r a t i ons ,  and Mg 
r 1 
r e p r e s e n t s  t h e  concen t r a t i on  o f  magnesium removed, a l l  expressed i n  mg/l. 
S c o t t  and h i s  co-workers observed t h i s  r e l a t i o n s h i p  i n  bo th  l a b o r a t o r y ' a n d  
f u l l - s c a l e  olkerations. The l abo ra to ry  t e s t s  were designed t o  produce a  
f i n a l  f l u o r i d e  concen t r a t i on  o f  1.0 mg/l. I n i t i a l  f l u o r i d e  l e v e l s  from 
1.5 t o  3.5 mg/l were used and t h e  r e s u l t s  were found t o  conform t o  t h e  
above r e l a t i o n  between f l u o r i d e  and magnesium removal. 
The removal o f  f l u o r i d e  by magnesium p r e c i p i t a t i o n  i n  lime s o f t e n i n g  
cannot  be considered a s  a  g e n e r a l l y  a p p l i c a b l e  method o f  f l u o r i d e  removal 
s i n c e  it r e q u i r e s  a  f o r t u i t o u s  combination o f  f l u o r i d e  and magnesium 
concent ra t ions .  S ince  such l a r g e  q u a n t i t i e s  o f  chemicals a r e  r equ i r ed ,  
t h e  p roces s  i s  use fu l  only f o r  l o w  f luor ide-  con ta in ing  waters  t h a t  r e q u i r e  
so f t en ing .  I f  it were assumed t h a t  a water  conta in ing  f l u o r i d e  had a  
magnesium concent ra t ion  o f  40 mg/l, p r e c i p i t a t i o n  of t h e  magnesium by 
lime t rea tment  would reduce t h e  f l u o r i d e  concen t r a t i on  t o  a  d e s i r e d  
r e s i d u a l  o f  1.5 mg/l i f  t h e  i n i t i a l  concen t r a t i on  o f  f l u o r i d e  d id  n o t  
exceed 2.8 mg/l. To o b t a i n  a  r e s i d u a l  o f  2.4 mg/l, t h e  maximum concen- 
t r a t i o n  permi t ted  by t h e  USEPA, t h e  i n i t i a l  concent ra t ion  o f  f l u o r i d e  
could be as high as 4.1 mg/l. These va lues  were determined from t h e  
equa t ion  p rev ious ly  def ined .  Some f l u o r i d e  r educ t ions  a r e  observed 
i n  water  so f t en ing  ope ra t i ons  and t h i s  fluoride-magnesium r e l a t i o n s h i p  
a i d s  i n  exp la in ing  t h e  observed lo s se s .  A t  s eve ra l  municipal water 
p l a n t s  i n  t h e  U.S. where f l u o r i d e  i s  p r e s e n t  i n  t h e  raw water  i n  concen- 
t r a t i o n s  o f  2.0 t o  3.0 mg/l, f l u o r i d e  i s  removed along with t h e  magnesium 
hardness  by t h i s  p rocess  (7). 
Table 5 
Fluor ide  Removal i n  Rela t ion  t o  Magnesium Removal from 
Standard Tes t  Water t h a t  Contains I n i t i a l  Concentrat ions 
o f  Magnesium of  49 ,  73, and 24 mg/l 
Magnesium - mg/l Fluoride - mg/l 
pH I n i t i a l  Residual Removed I n i t i a l  Residual Removed 
I n i t i a l  s t u d i e s  i n  ou r  l abo ra to ry  on f l u o r i d e  removal by magnesium 
f l o c c u l a t i o n  showed t h a t  calcium was necessary f o r  t h e  formation o f  a  
s a t i s f a c t o r y  f l o c  i n  t h e  coagula t ion  process .  Flocs  formed us ing  ou r  
s tandard  t e s t  water  t h a t  had a hardness  o f  200 mg/l ( a s  CaC03) arid 
due e n t i r e l y  t o  t h e  magnesium added were s o f t  and f l u f f y  i n  appearance 
and s e t t l e d  with d i f f i c u l t y .  F luor ide  removal was approximately 28 per-  
c e n t  of t h e  i n i t i a l  concen t r a t i on  i n  t he se  s t u d i e s .  The a d d i t i o n  o f  
calcium i n  s i m i l a r  t e s t s  improved t h e  t e x t u r e  and s e t t l e a b i l i t y  o f  t h e  
f l o c s ,  b u t  t h e  percentages of f l u o r i d e  removed were e s s e n t i a l l y  t h e  same. 
The e f f e c t  o f  p o l y e l e c t r o l y t e s  a s  coagulant  a i d s  was s t u d i e d  i n  a  few 
t e s t s .  Anionic p o l y e l e c t r o l y t e s  were shown t o  i n c r e a s e  t h e  p a r t i c l e  
s i z e  and s e t t l i n g  r a t e  o f  t h e  f l o c s  formed b u t  t h e  non-ionics  t e s t e d  
had no v i s i b l e  e f f e c t  upon t h e  process .  I n  t h e s e  t e s t s  sodium hydroxide 
was used t o  a d j u s t  t h e  pll t o  va lues  between 10.7 and 11.0. 
The e f f e c t  o f  magnesium upon f l u o r i d e  removal by t h e  lime-soda 
process  was s tud i ed  by t h e  usual  j a r  t e s t  procedure.  Our s t anda rd  t e s t  
water  was modified i n  t he se  t e s t s  wi th  tile i n i t i a l  concent ra t ions  of  
magnesium added i n  amounts o f  24, 49, and 73 mg/l ( a s  ~ g + + ) .  The i n i t i a l  
f l u o r i d e  concent ra t ions  were 4.30 and 2.35 mg/l. The i n i t i a l  pIi o f  t he se  
s o l u t i o n s  was 8.19 b u t  ranged from 10.8 t o  10.9 upon t h e  a d d i t i o n  o f  
calcium hydroxide and sodium bicarbonate .  The slow add i t i on  o f  t h e  lime 
s l u r r y  dur ing  the  r a p i d  mix pe r iod  o f  t h e  procedure r equ i r ed  approximately 
5  minutes o f  t h e  30-minute f l o c c u l a t i o n  per iod.  Floc formation i n  t he se  
t e s t s  was s a t i s f a c t o r y  and was q u i t e  r ap id ,  s o  t h e  a d d i t i o n  o f  a  f loccu-  
l a n t  a i d  was n o t  necessary. The r e s u l t s  o f  t h e s e  t e s t s  showing t h e  
r e l a t i o n s h i p  o f  magnesium and f l u o r i d e  removal a r e  summarized i n  Table 5. 
From these  d a t a  i t  can be seen t h a t  t h e  removal o f  f l u o r i d e  i s  p ropor t i ona l  
t o  the amount of magnesium removed i n  t h e  formation of  t h e  magnesium 
hydroxide f loc .  Tests with i n i t i a l  magnesium concentrations o f  49 and 73 
mg/l produced magnesium removals of 43 and 66 mg/l from the  respect ive  
solut ions.  These removals represent  87.7 and 90.4 percent of the  i n i t i a l  
magnesium concentrations. The removal of f luor ide  i n  these solut ions  i s  
d i r e c t l y  r e l a t e d  t o  the  respective magnesium removals expressed by the  
equation of Sco t t  (13). The observed f luor ide  res idua l s  o f  2.30 and 1.85 
mg/l compared favorably with t h e  ca lcula ted  f luor ide  res iduals  o f  2.31 and 
1.86 mg/l. The removal of f luor ide  from t h e  t e s t  water t h a t  contained 
lower i n i t i a l  concentrations of f luor ide  and magnesium (2.35 and 24.0 mg/l, 
respectively)  was not  exactly i n  agreement with t h e  equation. The calcu- 
l a t e d  res idual  was 1.76 mg/l a s  compared with t h e  observed value o f  1.90 
mg/l. This is  considered t o  be i n  reasonable agreement considering 
experimental error .  
Iron S a l t s  a s  Coagulants 
Limited data  a r e  ava i l ab le  on t h e  use of i ron  s a l t s  as  coagulants 
f o r  t h e  removal of  f luor ide  from drinking water, but  a few repor t s  have 
described t h e i r  use f o r  t h e  removal o f  f luor ide  from wastewaters (6,21,22). 
A s e r i e s  o f  t e s t s  were undertaken i n  our laboratory t o  determine i f  such 
f a c t o r s  as pH and t h e  concentration of t h e  coagulant would have a bene- 
f i c i a l  e f f e c t  upon f luor ide  removal. Various amounts o f  f e r r i c  s u l f a t e  
were added t o  1 - l i t e r  a l iquo t s  of t h e  standard t e s t  water t h a t  contained 
5.0 mg/l of f luor ide  and had the  pH adjusted t o  values within t h e  range 
of  4.1 t o  9.7. The concentration of f e r r i c  s u l f a t e  used i n  these  t e s t s  
ranged from 22 t o  175 mg/l (as ~ e * + + ) .  The r e s u l t s  of  these  t e s t s  showed 
t h a t  excel lent  f locs  were formed t h a t  s e t t l e d  rapidly,  but  these  f l o c s  
were very ine f fec t ive  i n  the  removal of f luoride.  Analyses made on the  
c l a r i f i e d  s o l u t i o n s  i nd i ca t ed  t h a t  l e s s  than 5.0 percent  o f  t h e  i n i t i a l  
f l u o r i d e  :oncentration was remov.ed from t h e  s o l u t i o n s  wi th  a  pH above 6.0. 
A few t e s t s  a t  pli l e v e l s  below 6.0 produced somewhat increased  f l u o r i d e  
removals, bu t  t h e  f r a c t i o n  o f  f l u o r i d e  removed was s t i l l  t oo  low t o  be  of 
i n t e r e s t .  S imi l a r  s t u d i e s  us ing  f e r r i c  c h l o r i d e  a l s o  showed f l u o r i d e  
removals o f  l e s s  than  5.0 percent  o f  t h e  i n i t i a l  f l u o r i d e  p re sen t .  T e s t s  
i n  which t h e  s tandard  t e s t  water  was f i r s t  t r e a t e d  wi th  l ime, p r e c i p i t a t e d  
a t  pH 12.0, and f i l t e r e d  p r i o r  t o  coagula t ion  w i t ' l  e i t h e r  f e r r i c  o r  
f e r r o u s  s u l f a t e ,  r e s u l t e d  i n  f l u o r i d e  removals, due t o  t h e  i r o n  f l o c c u l a n t ,  
o f  2.6 t o  10.5 pe rcen t  o f  t h e  i n i t i a l  f l u o r i d e .  The removal o f  f l u o r i d e  t h a t  
r e s u l t e d  from t h e  l ime t rea tment  p r i o r  t o  f l o c c u l a t i o n  was approximately 
25 t o  30 p ~ : r c e n t  o f  t h e  i n i t i a l  f l u o r i d e .  This  removal was due t o  t h e  
adso rp t ion  of  f l u o r i d e  on t h e  magnesium hydroxide formed from t h e  magnesium 
con ten t  of  t h e  t e s t  water .  In  genera l ,  t h e  r e s u l t s  o f  t h i s  s e r i e s  of 
t e s t s  i n d i c a t e  t h a t  some f l u o r i d e  can b e  removed by f l o c c u l a t i o n  wi th  
i r o n  s a l t s ,  b u t  t h e  amount removed i s  no t  s i g n i f i c a n t .  
Removal wi th  Charcoal 
The removal of  f l u o r i d e  from water  by powdered a c t i v a t e d  charcoa l  
ha s  been repor ted  t o  be a  pH dependent process  t h a t  r e q u i r e s  a  pH o f  3.0 
o r  l e s s  f o r  t h e  adso rp t ion  o f  f l u o r i d e  (23).  Although t h i s  low pti would 
make i t s  use imprac t i ca l  from a  s tandpoin t  o f  water  t rea tment ,  a  few t e s t s  
were made t o  determine i t s  e f f e c t  upon f l u o r i d e  removal. Tap water  
supplemented wi th  f l u o r i d e  and ad jus t ed  t o  pH va lues  t h a t  ranged from 5.5 
t o  7.0 was passed through columns packed wi th  a c t i v a t e d  charcoa l .  
Analyses o f  t h e  e f f l u e n t s  showed t h a t  no f l u o r i d e  had been adsorbed. 
I n  a  s e r i e s  o f  j a r  t e s t s  t h e  removal o f  f l u o r i d e  from a l i q u o t s  o f  
t h e  s tandard  t e s t  water  by a c t i v a t e d  charcoal  was determined. The ptl o f  
t h e s e  s o l u t i o n s  had been ad jus t ed  t o  3.0, 5.0, and 7.0. The r e s u l t s  o f  
t he se  t e s t s  showed t h a t  no adsorp t ion  o f  f l u o r i d e  occur red  i n  t h e  so lu-  
t i o n s  ad jus t ed  t o  pH 5.0 and 7.0, b u t  i n  t h e  s o l u t i o n  ad jus t ed  t o  pH 3.0, 
approximately 16.0 pe rcen t  of  t h e  i n i t i a l  f l u o r i d e  was removed. This  
e f f e c t  o f  pH upon f l u o r i d e  removal by a c t i v a t e d  carbon i s  exp la inab le  upon 
t h e  b a s i s  o f  d i s s o c i a t i o n  of  t h e  hyd ro f luo r i c  a c i d  molecule. Only t h e  
undissoc ia ted  molecule can be  adsorbed, and a t  h igher  pH va lues ,  most o f  
t h e  f l u o r i d e  e x i s t s  a s  t h e  ion  r a t h e r  than  a s  t h e  ac id .  
S tud i e s  wi th  animal (bone black)  charcoal,  on t h e  o t h e r  hand, i nd i -  
ca ted  i t s  p o s s i b l e  use  f o r  t h e  removal o f  f l u o r i d e  from water.  Animal 
charcoal  o r  bone char  i s  e s s e n t i a l l y  t r i c a l c i u m  phosphate and carbon. 
The ground animal bones have been char red  t o  remove a l l  o rganics .  This  
ma te r i a l  has  been e f f e c t i v e l y  used a s  an adsorbent  i n  t h e  removal o f  
f l u o r i d e .  In  j a r  t e s t s  wi th  fluoride-supplemented t a p  water ,  t h e  a d d i t i o n  
of animal charcoa l  wi th  alum a s  t h e  coagulant  was found t o  produce 
f l u o r i d e  removals p ropor t i ona l  t o  t h e  a d d i t i o n s  o f  animal charcoa l .  The 
alum dosage i n  t h e s e  t e s t s  was 200 mg/l. Animal charcoal  added i n  amounts 
of 100, 200, and 300 mg/l r e s u l t e d  i n  f l u o r i d e  removals of  4.1, 8.9, and 
13.8 pe rcen t  o f  t h e  r e s p e c t i v e  i n i t i a l  concen t r a t i ons  over  t h e  amount 
temoved by t h e  alum alone.  The removal of f l u o r i d e  appeared t o  b e  
s l i g h t l y  more e f f e c t i v e  a t  pH 7.2 than  a t  6.7. I n  s i m i l a r  t e s t s  s e v e r a l  
p o l y e l e c t r o l y t e s  were added along wi th  t h e  animal charcoa l  t o  a s s i s t  i n  
t h e  formation o f  t h e  alum f l o c .  The f l o c c u l a n t  a i d s  were added i n  concen- 
t r a t i o n s  of 1.0 mg/l and t h e  amount o f  animal charcoa l  added was 200 mg/l. 
The alum dosage was 200 mg/l a s  i n  t h e  previous test. I n  t h e s e  tests t h e  
s tandard  t e s t  water  used was ad jus ted  t o  pH va lues  t h a t  ranged from 6.4 
t o  7.0. The i n i t i a l  f l u o r i d e  concent ra t ion  was 4.5 mg/l. Upon f loccu-  
l a t i o n ,  t h e  alum removed 53.0 percent  o f  t h e  i n i t i a l  f l u o r i d e ,  b u t  t h i s  
removal was increased an a d d i t i o n a l  9.0 percent  i n  t h e  t e s t s  wi th  t h e  
added chxrcoal .  In  t e s t s  wi th  t h e  p o l y e l e c t r o l y t e  add i t i ons ,  t h e  f l o c s  
formed were more d e s i r a b l e ,  bu t  t h e  amount o f  f l u o r i d e  adsorbed was not  
increased s i g n i f i c a n t l y .  
In  view of  t hese  r e s u l t s  it was o f  i n t e r e s t  t o  compare t h e  e f f e c t  
t h a t  animal charcoal  would have upon t h e  removal of  f l u o r i d e  by sodium 
aluminate.  The amount of  alum added i n  t hese  t e s t s  was 200 mg/l, and 
t h e  amount of' sodium aluminate  added contained aluminum i n  an amount 
comparable t o  t h e  amount i n  t h e  alum add i t i on .  The r e s u l t s  of  t hese  
t e s t s  i nd ica t ed  t h a t  f l u o r i d e  removal by alum was s l i g h t l y  more e f f e c t i v e  
than  by aluminate  f l occu la t ion .  I n  t e s t s  wi th  t h e  animal charcoal  added 
p r i o r  t o  f l occu la t ion ,  f l u o r i d e  removal was increased approximately 8.0 
t o  9.0 percent  f o r  both alum and aluminate.  The a d d i t i o n  of  polyelec- 
t r o l y t e s  a s  coagulant  a i d s  showed a  n e g l i g i b l e  i nc rease  i n  t h e  removal o f  
f l uo r ide .  
Although t h e  add i t i on  of  animal charcoal  t o  a  water supply f o r  t he  
removal of f l u o r i d e  without  t h e  a d d i t i o n  o f  a  primary f l o c c u l a n t  would 
be  un l ike ly ,  t h e  e x t e n t  o f ' f l u o r i d e  removal by t h e  a d d i t i o n  of  animal 
charcoal  a lone  was of  i n t e r e s t .  Aliquots  of  t h e  s tandard t e s t  water 
t h a t  were ad jus t ed  t o  pll 6.5, and had f l u o r i d e  added i n  concent ra t ions  
of  1.98, 4.16, 4.95, and 7.50 mg/l, were t r e a t e d  with animal charcoal  
f o r  t h e  removal o f  f l u o r i d e  i n  j a r  t e s t s .  The concent ra t ion  o f  animal 
charcoal  added t o  t h e  s o l u t i o n s  was 200 mg/l. The r e s u l t s  of  t h e s e  
t e s t s  showed a  range  of  f l u o r i d e  removals of  12.0 t o  16.6 percent  of  t h e  
i n i t i a l  f l u o r i d e  concent ra t ions  f o r  t h e  r e s p e c t i v e  so lu t ions .  The mixing 
and s e t t l i n g  t ime per iods  i n  t hese  t e s t s  were extended over those  of 
t h e  previous t e s t s  wi th  alum, which may account,  i n  p a r t ,  f o r  t h e  
increased  f l u o r i d e  removals. The a d d i t i o n  o f  animal charcoal  t o  a l i quo  ts  
of t h e  s tandard  t e s t  water  t h a t  had been t r e a t e d  f o r  t h e  removal of 
f l u o r i d e  by t h e  lime-soda so f t en ing  process ,  increased  t h e  removal o f  
f l u o r i d e  5.3 and 6.6 pe rcen t  i n  s e p a r a t e  t e s t s .  P r e c i p i t a t i o n  o f  t h e  
t e s t  water  a t  pH 10.8 with 240 mg/l o f  calcium hydroxide removed 26.9 
percent  of  t h e  i n i t i a l  f l u o r i d e  concentrat ion.  Animal charcoa l  (300 mg/l) 
added t o  s i m i l a r l y  t r e a t e d  a l i q u o t s ,  removed 33.5 and 32.2 pe rcen t  o f  t h e  
f l u o r i d e  i n  t h e  r e s p e c t i v e  t e s t s .  
Treatment wi th  A l u m  and Phosphoric Acid 
The removal o f  f l u o r i d e  from wastewater by a combined alum-phosphoric 
a c i d  t rea tment  was proposed by Nishimura, e t  a l .  (24). I n  t h i s  method, 
alum was added f i r s t ,  followed by phosphoric ac id ,  calcium ch lo r ide ,  
sodium hydroxide, and f i n a l l y ,  lime. Both an aluminum complex and 
f l u o r a p a t i t e  were considered t o  be formed and removed i n  a s i n g l e  
f loccula t ion-sed imenta t ion  s t ep .  
I n  a few t e s t s  us ing  t h e  s tandard  t e s t  water ,  f l u o r i d e  removal 
by t h i s  one-step procedure was compared wi th  t h e  amount o f  f l u o r i d e  
removed by t h e  i nd iv idua l  t rea tments  of  alum coagula t ion  and f l u o r a p a t i t e  
formation, and by t h e  combination t rea tment  i n  which t h e  t e s t  water  
was f i l t e r e d  a f t e r  alum coagula t ion  and be fo re  f l u o r a p a t i t e  formation. 
The r e s u l t s  o f  t h e s e  s t u d i e s  i n d i c a t e d  t h a t  t h e  f l u o r i d e  removal by t h e  
combined t rea tment  was l e s s  than t h a t  ob ta ined  when t h e  alum f l o c c u l a t i o n  
and f l u o r a p a t i t e  p r e c i p i t a t i o n  were appl ied  s epa ra t e ly .  These r e s u l t s  
were p r e d i c t a b l e ,  due t o  t h e  amphoteric na tu re  o f  t h e  aluminum hydroxide 
and i t s  r een t r ance  i n t o  s o l u t i o n  a t  t h e  h ighe r  pH. I n  t h e  combined 
t rea tment  where t he  alum f l o c  was removed by f i l t r a t i o n  p r i o r  t o  t h e  
formation of f l u o r a p a t i t e ,  t h e  f l u o r i d e  removal was equal  t o  t h a t  ob ta ined  
by sequen t i a l  a p p l i c a t i o n  o f  t h e  i nd iv idua l  t reatments .  
I n  t he se  t e s t s  t h e  pe rcen t  o f  t h e  i n i t i a l  f l u o r i d e  concent ra t ion  
removed by alum dosages o f  100 and 200 mg/l were i n  agreement wi th  t h e  
va lues  shown i n  Figure 1. The pe rcen t  removals f o r  t h e  phosphate addi- 
t i o n s  of 160 mg/l were a l s o  i n  agreement with,  va lues  observed i n  previous 
t e s t s  (Table 4) . 
Removal wi th  Coagulant Aids 
Severa l  o f  t h e  coagulant  a i d s  t h a t  were made a v a i l a b l e  f o r  t h i s  
s t udy  were a l s o  r epo r t ed  t o  be usefu l  a s  primary coagulants  t o  r ep l ace  
alum o r  i r o n  salts i n  t h e  t rea tment  o f  municipal and i n d u s t r i a l  water  
supp l i e s .  S ince  t h e  c o l l o i d a l  p a r t i c l e s  i n  n a t u r a l  water  s u p p l i e s  u s u a l l y  
c a r r y  a  nega t ive  charge, c a t i o n i c  p o l y e l e c t r o l y t e s  were t h e  l o g i c a l  choice 
t o  be  s t u d i e d  a s  p o s s i b l e  agents  f o r  f l u o r i d e  removal. When used a s  
primary coagulants  i n  water  t rea tment ,  t h e  use o f  a  s p e c i a l l y  s e l e c t e d  
c l a y  is  recommended by t h e  manufacturer o f  one such coagulant.  The c l a y  
is h e l p f u l  when mixing time i s  sho r t .  I n  j a r  t e s t s ,  b e n t o n i t e  was added 
t o  a l i q u o t s  o f  t h e  s tandard  test water  i n  concent ra t ions  t h a t  ranged from 
2.0 t o  10.0 mg/l. The concent ra t ion  o f  t h e  p o l y e l e c t r o l y t e s  added was 
l i m i t e d  t o  1.0 mg/l o r  5.0 mg/l i n  o r d e r  t o  be  w i th in  t h e  l i m i t s  approved 
by t h e  EPA f o r  t h e  p o l y e l e c t r o l y t e  i n  quest ion.  The f l o c s  formed i n  t h e s e  
t e s t s  were slow t o  b u i l d ,  b u t  w i t h i n  an hour o f  s t i r r i n g  t ime a t  20 rpm, 
they became q u i t e  dense and s e t t l e d  wel l .  F luor ide  removals observed i n  
t h e  c l a r i f i e d  s o l u t i o n s ,  however, were no t  s i g n i f i c a n t  s i n c e  o n l y  1.8 t o  
4.4 pe rcen t  o f  t h e  i n i t i a l  f l u o r i d e  concent ra t ion  was removed. 
a l k a l i n i t y  adsorp t ion  by t h e  column. 
I t  i s  q u i t e  apparent  from .the r e s u l t s  o f  t hese  b a s i c  t e s t s  t h a t  t h e  
a l k a l i n i t y  of  t h e  i n f l u e n t  water  i s  q u i t e  competi t ive wi th  t h e  f l u o r i d e  
exchange capac i ty  o f  t h e  alumina. This  process  has been s tud ied  i n  consid- 
e r a b l e  d e t a i l  i n  t h e  labora tory  and has been appl ied  i n  l a rge - sca l e  
opera t ions .  
SUMMARY 
A v a r i e t y  of  methods f o r  t h e  removal o f  f l u o r i d e  from potable  water 
were t e s t e d  i n  t h i s  s tudy with emphasis placed upon coagulat ion methods. 
Coagulation with alum a t  pH l e v e l s  of  6.2 t o  6.4 was one of  t h e  more 
e f f e c t i v e  methods t e s t ed .  With a  t e s t  water  containing 5.0 mg/l o f  
f luor ide ,  app l i ca t ion  of  200 mg/l o f  alum produced a 60% reduct ion i n  t h e  
f l u o r i d e  content.  
Fluoride can a l s o  be removed by a  process which i s  based upon t h e  
formation of  f l u o r a p a t i t e .  With 4.72 mg/l of  f l u o r i d e  i n  t h e  t e s t  water,  
t h i s  concentrat ion was reduced 63% by t h e  app l i ca t ion  o f  320 mg/l o f  
phosphate, with t h e  appropr ia te  calcium add i t ion  and pH cont ro l .  
Fluoride i s  a l s o  removed by adsorpt ion on magnesium hydroxide. 
This  occurs  t o  some e x t e n t  i n  many sof ten ing  processes.  In  a  t e s t  water 
with 4.30 mg/l o f  f l u o r i d e  and 73 mg/l o f  magnesium ion,  t reatment  with 
lime t o  p r e c i p i t a t e  90% o f  t h i s  magnesium a l s o  reduced t h e  f l u o r i d e  
concentrat ion by 57%, 
Floccula t ion  wi th  i r o n  s a l t s  fol lowing calcium p r e c i p i t a t i o n  has been 
repor ted  t o  be e f f e c t i v e  with wastewaters, bu t  our  t e s t s  showed l i t t l e  o r  
no b e n e f i t  from t h i s  treatment.  F e r r i c  ch lo r ide  and s u l f a t e ,  a s  well  a s  
f e r rous  s u l f a t e ,  were included i n  these  t e s t s .  With 5.0 mg/l o f  f l u o r i d e  
and up t o  175 mg/l o f  f e r r i c  s u l f a t e  o r  ch lo r ide  ( a s  Fe) t h e  f l u o r i d e  
removed was from 2 t o  10% o f  t h e  i n i t i a l  concentrat ion.  
Several  o t h e r  methods, such a s  t h e  use of a c t i v a t e d  carbon, were 
t e s t e d  but  without any appreciable success.  Flocculant  a i d s  were found 
.. 
he lp fu l  i n  obta in ing  good c l a r i f i c a t i o n  f o r  some processes,  and thereby 
aided i n  f l u o r i d e  removal. 
For comparative purposes, some work was done with an ac t iva ted  
alumina column. This method i s ' q u i t e  e f f e c t i v e  i n  removing f luor ide .  
The disadvantage is  t h a t  the  ac t iva ted  alumina removes both a l k a l i n i t y  
and f luor ide  ion. Thus the  capacity of  an ac t iva ted  alumina column f o r  
f luor ide  removal and t h e  quant i ty  o f  chemicals f o r  regenerat ion a r e  
dependent upon both t h e  f luor ide  content  and t h e  a l k a l i n i t y  of  t h e  
unt rea ted  water. This process has been s tudied  i n  g rea t  d e t a i l  by others .  
Emphasis, i n  t h i s  study, was placed on t h e  o the r  methods involving 
chemical treatment, f loccula t ion ,  and sedimentation. 
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